INTRODUCTION
High-intensity focused ultrasound (HIFU) is an emerging therapeutic modality for both benign and malignant tumors/cancers. Its major mechanism is the thermal coagulation caused by the absorption of acoustic energy. Meanwhile, bubble activities in the focal region are likewise of importance, and bubbles shield the propagation of HIFU bursts and cause lesion distortion from a symmetric cigar shape to an asymmetric tadpole one 1 .
In comparison, the mechanical effects of HIFU (i.e., bubble cavitation, acoustic streaming, and radiation force) dominate the burst mode. Interaction of cavitation bubbles and ultrasound burst would lead to mechanical fractionation of tissue structure with sharply demarcated boundaries both in the fluid-tissue interface and in bulk tissue (histotripsy) 2 . Furthermore, nonlinear propagation of HIFU waves not only distorts along the propagation path but also forms shock waves in tissue. As a result, the heating rate is significantly high, and boiling in tissue could occur in milliseconds. Emulsified lesions without thermal denaturation were produced only when both initiation of boiling in milliseconds and shock waves were present, but in a larger size (a few mm) than histotripsy 3 . The lesion size can be predicted and controlled through the proper operation parameters (i.e., HIFU frequency and pulsing scheme).
In this study, a new tissue erosion method, whose pulse duration is much longer than histotripsy but shorter than the boiling time, was proposed and tested in both gel phantom by utilizing both thermal and mechanical effects concurrently. With the increase of the pulse duration from 5 ms to 20 ms or PRF from 0.2 Hz to 5 Hz, a mechanical erosion in the shape of a "squid" will evolve to a "dumbbell" lesion with both mechanical and thermal lesions and then to a "tadpole" lesion with mechanical erosion at the center and thermal necrosis on the boundary. Bubble cavitation and temperature in the focal region were measured throughout the HIFU exposure using the methods of PCD and thermocouples. Both cavitation activities and temperature increased with the number of pulses delivered. It is suggested that appropriately utilizing the mechanical and thermal effect of HIFU ablation would broaden its application and monitoring cavitation activities would provide a feedback in control of its effectiveness as well as safety. 
HIFU transducer
An annular focused HIFU transducer (H-102, Sonic Concepts, WA, USA) working in its third harmonic frequency, 3.3 MHz, was immersed in the degassed and deionized water (O 2 < 4 mg/L, T = 25 °C) of a Lucite tank (L×W×H = 70×50×30 cm) and driven by sinusoidal bursts produced by a function generator (AF3021B, Tektronics, OR, USA) together with a 55 dB power amplifier (150 W, A150, ENI). An acoustic absorber was put on the opposite wall of the testing tank to prevent the ultrasound reflection. The HIFU transducer was attached to a three-axis positioning system (BiSlide, Velmex, NY, USA) to align its focus to the desired position. A LabView program (National Instruments, TX, USA) was written to control the pulse delivery and translational motion ( Fig. 1) .
Cavitation detection and lesion observation
A focused ultrasound probe (A319S, f = 15 MHz, Olympus-IMS, MA, USA) was aligned confocally and coaxially with HIFU transducer. PCD signals of each burst were recorded by a digital oscilloscope (Wavesurfer MXs-B, LeCroy, NY, USA) at a sampling frequency of 100 MHz and then transferred to a PC for data analysis. Variations of the peak-to-peak PCD values present the amplitudes of bubble cavitation during HIFU ablation. Furthermore, a 100 W white-light bulb under the water tank provided the illumination source for the photography. The progress of bubble formation and lesion growth in the BSA-embedded transparent gel phantom was recorded by a digital camcorder (Vixia HF M500, Canon, Japan) and then further processed in Photoshop (Adobe, CA, USA) for auto color and contrast correction.
Temperature measurement
To measure the thermal field in gel phantom during HIFU ablation, three thermocouples (TJ36-ICSS-020G-6, Omega Engineering Inc., CT, USA) with a diameter of 0.5 mm were inserted into the focal region (z = -2.5, 0, and 2.5 mm) through guided holes in a 2-cm thick Lucite plate under the guidance of the digital camcorder and connected to a data acquisition (DAQ) unit (NI-9214, National Instruments, TX, USA). Sampling rate was 1000 Hz. The viscous heating produced by the insonation would lead to a rapid temperature increase close to the thermocouple. The thermal couple measurement in the original a few pulses was compared to the theoretical simulation using the BioHeat equation, and the discrepancy was fitted with an effective Gaussian radius. Then the artifact was minimized by removing the contribution of the viscous heat source throughout the whole measurement. Owing to the large amount of data only the peak and ambient temperatures of each HIFU exposure were depicted.
Statistical Analysis
ANOVA was performed for each testing condition in SPSS Statistics (IBM Software, NY, USA) to determine the statistical difference between the groups that was fixed at p < 0.05.
RESULTS

Effect of the pulse duration
The progressive growth of a lesion produced in the transparent gel phantom was shown in Fig. 2 . The bubble nuclei will expand in the first HIFU pulse. Because of the acoustic reflection at the interface of phantom and air, dense bubble clouds formed proximally towards the transducer. However, some appear distally (i.e., ~ 1 mm away from the lesion tip shown as the arrow). They may be produced in the focal region initially and then pushed forward with the response to the acoustic radiation force, and these bubbles will aggregate in the succeeding exposure. Interaction between 5-ms HIFU burst and these bubbles formed a "squid" mechanical lesion (the thickness is less than 0.3 mm). With the increase of the pulse duration time, bubbles produced at the focus became large, and the acoustic scattering effects from bubbles were more significant A dumbbell lesion was induced by 10-ms bursts (Fig.  2c ). Longer pulse duration led to the domination of thermal effect in the pre-focal region by the backscattering waves, the introduction of large boiling bubble (~3.5 mm in diameter at N = 10 in Fig. 2d ), and then formation of tadpole lesion moving towards the transducer although the forward motion of bubbles and mechanical erosion in the post-focal region still existed. The high-speed jet emitting from the bubble along the ultrasound propagation direction was clearly illustrated, which was considered the mechanism of tissue fractionation 3, 4 . Many tiny bubbles were also found surrounding the lesion as shown by the arrowhead.
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It is found that with the increase of the HIFU pulse duration from 10 ms to 30 ms there are significant differences between the peak-topeak PCD signals (Fig. 3a) . When the pulse duration is smaller than 20 ms, PCD signal increased with the progress of the sonication despite higher variation in longer bursts. At the pulse duration of 30 ms, PCD signals reached the maximum after about 60 bursts. Afterwards, a reduction in the bubble activity was found.
The temperature rose rapidly for about 15 C in the 20ms HIFU exposure and then decayed exponentially. Because of the long thermal diffusion compared to the pulse interval time, the ambient temperature increased exponentially with the progress of HIFU exposure. The temperature in the prefocal region (z = -2.5 mm) is always higher than that at the focus (z = 0 mm) and in the post-focal region (z = 2.5 mm) from the first pulse (63.2 C vs. 52.4 C and 40.5 C, respectively). Although temperature rise was quite consistent throughout the whole exposure (i.e., T = 33-40 C at z = -2.5 mm), large variation occurred at the end of sonication, which correlates well with the significant changes in the peak-topeak PCD signals.
Effect of pulse repetition frequency
Varying PRF could also adjust the role of mechanical and thermal effect on HIFU ablation (Fig. 4) . At PRF of 0.2 Hz, bubbles may have sufficient dissolution time. The lesion pattern is similar to that produced using the pulse duration of 5 ms and PRF of 1 Hz (Fig. 2a ), but larger in size (3.1 8.9 vs. 1.6 5.6 mm). With the increase of PRF, 
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thermal effect induced by bubble scattering became significant and led to the growth of a "tadpole" lesion towards the transducer source and decrease of the mechanical erosion in the distal. Measured PCD signals at varied PRF illustrate similar characteristics as those with a varied pulse duration. When PRF is 0.2 Hz, the peak-to-peak PCD signals increased slowly. If PRF is higher than 1 Hz, the maximum PCD signal could be reached in the first 50-60 bursts and then followed by a decrease with notable variations. Both the maximum and average PCD signals increased with varied PRF from 0.2 Hz to 1 Hz, but decreased slightly at higher PRF with no statistical difference. The thermal field at the varied PRF showed distinct characteristics as that with the varied pulse duration. The maximum temperature increased with PRF in the focal and post-focal region (i.e., from 66.1±3.9 C at PRF of 0.2 Hz to 96.9±3.0 C at PRF of 5 Hz at z = 0 mm), which is due to rapid increase of the ambient temperature in the short interval time (high PRF). In contrast, the corresponding value at z = -2.5 mm decreased slightly from 111.5±4.3 C to 102.7±4.8 C. There is large variation in the temperature elevations during the sonication with the increase of PRF in the whole focal region. At PRF of 5 Hz, although the temperature elevation at z = -2.5 mm had similar average value as that of the focus (14.0±9.9 vs. 12.4±5.4 C), the variation range was much larger (6.6 -91.2 vs. 4.8 -37.3 C).
DISCUSSION
High-intensity short-duration focused ultrasound bursts were used in the tissue emulsification and ablation. In this study, bubble cavitation, thermal field, and the consequent lesion formation were monitored during the HIFU exposure using PCD, thermocouple, and the digital camcorder, respectively. It is found that lesion would vary from a mechanical erosion in the shape of a "squid" to a "dumbbell" lesion with both mechanical and thermal lesions, and then to a "tadpole" lesion with mechanical erosion at the center and thermal necrosis on the boundary in the phantom by changing the pulse duration from 5 ms to 30 ms and PRF from 0.2 Hz to 5 Hz. Bubble cavitation activities and temperature profiles were found to vary significantly with the progress of HIFU ablation and sonication parameters. In general, the temperature in the pre-focal (z = -2.5 mm) was always higher than that at the focus (z = 0 mm) and post-focal (z = 2.5 mm) region. The temperature variation becomes significant with the increase of pulse duration and PRF because of the generation and persistence of boiling or large bubble(s).
The boiling time of tissue depends on the acoustic pressure at the focus of HIFU transducer and the tissue absorption. At the low acoustic pressure exposure, a vaporized core will appear in the center of a pre-existing thermally necrotic volume 5 . Although similar lesions were produced with the pulse duration of 30 ms and PRF of 1 Hz in our study, the mechanism is different. The lesion produced in the first 10 bursts is mechanical erosion. Afterwards, the increase of ambient temperature due to the thermal diffusion and acoustic scattering from bubbles lead to the production of boiling bubbles. High power output could produce a boiling bubble within milliseconds 3, 6 . When the interval time between bursts was sufficiently long for thermal diffusion, no thermal denaturation but purely mechanical erosion could be observed.
In summary, HIFU bursts with pulse duration longer than that of histotripsy but shorter than the time-to-boil could produce various types of lesions, from a mechanical erosion in the shape of a "squid" to a "dumbbell" lesion 
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with both mechanical and thermal lesion and then to a "tadpole" lesion with mechanical erosion at the center and thermal necrosis on the boundary, at different sonication parameters (i.e., pulse duration and PRF). Bubble activities and thermal elevation change with the progress of HIFU exposure and sonication parameters because of the varied dominant mechanisms (mechanical and thermal effects). Monitoring bubble activities in real-time not only enhances our understanding of bubble cavitation in the acoustical field but also provides feedback information to control the efficiency and efficacy of HIFU therapy.
